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ABSTRACT 

An  experimental  study  of  the  buckling  of  closely  spaced  integrally 
stringer-stiffened  cylindrical  shells  under  axial  compression  was  carried 
out  to  determine  the  influen:e  of  stiffener  and  shell  geometry  on  the 
applicability  of  linear  theory,  86  shells  of  different  geometries  were 
tested.  Agreement  between  linear  theory  and  experiments  was  found  to  be 
governed  primarily  by  the  stringer  area  parameter  (Aj/bh) .  Good  correlation 
was  obtained  in  the  range  (Aj/bh)  >0.4.  No  significant  effect  of  other 
stiffener  and  shell  parameters  on  the  applicability  of  linear  theory  could 
be  discerned  for  the  specimens  tested.  In  addition  to  the  area  parameter 
(Aj/bh),  the  inelastic  behavior  of  the  shell  material  was  found  to  have  a 
considerable  effect  on  the  "linearity”  (ratio  of  experimental  buckling  load 
to  the  predicted  one) . 

By  a  conservative  structural  efficiency  criterion  all  the  tested  stringer- 
stiffened  shells  were  found  to  be  more  efficient  than  equivalent  weight 
isotropic  shells. 

A  modified  "Southwell  Slope"  method  was  applied  to  the  test  data  but  did 


not  yield  reliable  results. 
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I.  INTRODUCTION 

In  [1]  to  [9]  the  stability  of  stiffened  cylindrical  and  conical 
shells  was  studied  with  a  linear  theory  in  which  the  stiffeners  were 
"smeared"  over  the  entire  length  of  the  :>heli  while  their  eccentricity 
was  accounted  for.  The  adequacy  of  this  linear  theory  for  prediction 
of  the  buckling  loads  was  investigated  experimentally  in  [9]  for  ring- 
stiffened  conical  shells  under  hydrostatic  pressure,  in  [10]  and  [11] 
for  ring  stiffened  cylindrical  and  conical  shells  under  axial  compression. 

A  "fair  correlation  with  theory  was  observed  even  for  relatively  light 
stiffening  of  the  shells..  In  the  tests'  of  [10]  and  [11]  the  agreement  with 
linear  theory  was  found  to  be  mainly  affected  by  the  stiffener  area  para¬ 
meter  (A2/aoh),  where  A2  is  the  area  of  cross  section  of  stiffener,  aQ  the 
distance  between  stiffeners  and  h  the  skin  thickness  of  the  shell.  In 
[10]  the  applicability  of  linear  theory  was  also  studied  for  experimental 
results  of  other  investigators  [12]  to  [19]. 

The  present  tests  of  stringer-stiffened  shells  are  a  continuation  of 
the  earlier  work.  Since  theoretical  studies,  [16],  [20], [21]  and  [22], 
indicated  that  the  eccentricity  of  the  applied  load  may  have  a  significant 
effect  on  the  buckling  loads  of  stiffened  shells,  the  stringer-stiffened 
specimens  were  designed  for  loading  directly  through  the  skin,  as  was  done 
for  the  ring-stiffened  ones  in  [10]. 
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In  the  design  of  stringer-stiffened  cylinders,  the  local  buckling  behavior 
of  the  panels  is  as  important  as  that  of  the  sub-shells  in  the  case  of  riig- 
stiffened  shells  [1C].  Now  for  axially  compressed  cylindrical  panels  Koiter 
[23]  defined  a  total  curvature  parameter  9  *  [12(1  -  v2)]*'/4[(b/2ir)  (Rh)"^2] , 
which  determines  whether  stable  or  unstable  initial  postbuckling  behavior  is 
predicted  for  the  panel.  A  stable  postbuckling  behavior  of  the  panels  should 
yield  higher  values  of  "linearity"  -  p  for  the  stiffened  cylinder  and  hence 
the  applicability  of  linear  theory  may  depend  primarily  upon  the  spacing  of 
stiffeners.  Koiter  showed  that  6  <  0.64  is  neoded  for  stable  postbuckling 
behavior,  but  since  in  [23]  only  the  radial  restraint  of  the  stringers  was 
taken  into  account  this  value  of  9  may  be  considered  conservative.  One 
of  the  aims  of  the  present  test  program  was  therefore  to  study  the  influence 
of  9  on  the  "linearity"  of  the  stiffened  shell. 

The  general  instability  of  the  stiffened  shells  was  calculated  with  the 
"smeared"  stiffener  theory  of  [4],  which  does  not  consider  the  discreteness 
of  the  stiffeners.  This  effect  was,  however,  found  to  be  negligible  for 
axially  compressed  ring  and  stringer-stiffened  cylindrical  shells  with  closely 
spaced  stiffeners  (See  [24],  [25]  and  [26]). 

Since  the  "linearity"  of  the  shells  depends  on  the  influence  of  the 
initial  inperfections,  correlation  with  the  predictions  of  inperfections 
sensitivity  analysis  is  of  interest.  Such  studies  [27]  and  [28],  predict 
for  stringer-stiffened  cylindrical  shells  increased  inperfection  sensitivity 
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for  certain  geometries  According  to  these  predictions  lower  values  of" linearity" 

should  be  observed  in  shells  with  external  stringers  for  small  values  of  Batdorf's 

2  1/2  2 

geometry  parameter  Z  *  (1  -  v  )  '  (L'R)  (R/h) .  The  present  test  program  under¬ 
took  to  examine  also  this  prediction  by  testing  specimens  with  small  Z. 

Hence  the  primary  purpose  of  the  present  test  program  is  a  study  of  the  effect 
of  the  combined  interaction  of  shell  and  stiffeners  geometry  on  the  adequacy  of 
linear  theory  in  predicting  the  critical  loads.-  Results  of  other  experimental 
studies  [12]  to  [15],  [17]  and  [19]  are  aslo  correlated  with  the  present  ones. 

The  test  results  indicate  that  as  for  ring-stiffened  shells  [10]  and  [11],  the 
dominating  stiffener  parameter  is  the  area  parameter  (Aj/bh) .  However,  the 
present  tests  yielded  larger  scatter  in  the  correlation  between  theory  and 
experiment  than  in  the  ring-stiffened  cylinders.  For  values  of  (Aj/bh)  >0.4 
buckling  loads  of  60  percent  and  above  those  predicted  by  classical  linear 
theory  were  achieved.  Beyond  this  value  of  the  area  parameter  a  clear  trend 
of  "fair"  agreement  with  linear  theory  was  observed  and  hence,  adequacy  of 
linear  theory  might  be  justified  for  shells  of  such  geometries. 

No  meaningful  conclusions  could  yet  be  deduced  from  the  study  of  the 
influence  of  the  other  stiffeners-and  she 11 -parameters.  Further  studies  continue 
on  the  effects  of  variation  of  shell  dimensions,  due  to  systematical  errors  in 
the  manufacturing  process,  on  inelastic  effects  (stresses  close  to  the  yield 
strength  of  the  material),  as  well  as  on  extended  shell  and  stiffener  geometries. 
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2,  THEORETICAL  CONSIDERATIONS 

Stringer-stiffened  cylinders  may  fail  under  "\xial  compression  either 
in  local  buckling  of  the  panel  between  the  stringers  or  by  general  in¬ 
stability  of  the  stiffened  shell  as  a  whole.  Axisymmetric  buckling  modes 
may  occur  in  general  instability,  but  only  for  short  shells.  Hence,  this 
mode  of  failure  has  to  be  considered  only  for  short  stringer-stiffened  shells 
or  for  shells  stiffened  also  with  strong  rings.  Here  the  "longitudinal"  - 
n  =  1  asymmetric  mode  pointed  out  in  [19]  is  mostly  dominant.- 

The  stringers  will  appreciably  affect  the  local  buckling  by  their 
restraints  and  there  may  be  interaction  between  local  and  general  instability. 
In  an  elementary  analysis,  however,  local  buckling  and  general  instability 
are  considered  separately. 

Koiter  in  [23]  studied  the  buckling  and  initial  post  buckling  behavior 
of  cylindrical  panels  for  stringers  imposing  only  rotational  restraint  on 
the  panel.  The  influence  of  stiffening  of  the  panel  due  to  narrowness  was 
shown  in  [10]  to  be 

j°cr?narrow  P”?1 -  .  (1/2)  ((I/O2)  .  02]  (1) 

^°cr' complete  unstiffened  cylinder 

where  0  is  defined  by 


Q  -  (1/2  n)  [12(1  -  v2)]1/4[b/(Rh)1/2] 
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From  Koiter’s  study  of  the  initial  post  buckling  behavior  of  narrow  panels 
it  appears  that  0  is  a  suitable  parameter  for  estimation  of  the  expected 
"linear”  behavior  of  the  panels  in  a  stringer-stiffened  shell  and  hence  of 
the  stiffened  shell.  He  found  that  transition  from  "stable  plate  type" 
behavior  to  "unstable  cylindrical  shell  type"  would  occur  at  0  ^>0.64 
for  perfect  panels.  This  value,  is  however,  conservative  as  the  torsional 
constraint  was  assumed  zero.  A  more  precise  analysis,  which  is  an ^extension 
of  f24],  is  now  being  carried  out  at  the  Technicn. 

A  linear  theory  analysis  for  general  instability  of  stiffened  cylindrical 
shells  under  axial  compression  is  given  in  [4],  In  the  analysis  the  stiffeners 
are  "smeared"  over  the  entire  length  of  the  shell  in  a  manner  that  accounts  for 
their  eccentricity  (e/h).  In  the  solution  the  "classical"  simply  supported  - 
S.S.3  boundary  conditions  :  w»Mx»Nx»v»0  are  solved  by  a  closed  form 
solution  and  the  "classical"  clamped  R.F.2  boundary  conditioons:  w  ■  w  »  u  » 
Nx^  ■  0  are  solved  by  first  solving  the  first  two  stability  equations  of  [1] 
by  the  assumed  displacements  and  then  solving  the  third  one  by  the  Galerkin 
method.  An  improved  analysis  which  considers  all  possible  combinations  of  the 
in-plane  boundary  conditions  is  now  being  developed  at  the  Technion. 
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3.  STRUCTURAL  EFFICIENCY. 

Earlier  studies  by  other  investigators  and  the  present  one  show  thet 
shells  with  closely  spaced  stiffeners  buckle  at  axial  loads  very  "close" 
to  those  predicted  by  linear  theory.  From  a  design  point  of  view,  the 
structural  efficiency  of  a  stiffened  shell  is  evaluated  by  comparison  with 
an  unstiffened  shell  of  equal  weight,  the  equivalent  unstiffened  shell. 

Since  there  are  no  reliable  theoretical  estimates  for  unstiffened 
cylindrical  shells  under  axial  compression,  one  has  to  rely  on  empirical 
formulae,  which  show  the  primary  dependence  of  the  buckling  coefficient  on 
(R/h)  as  standards  of  comparison,  A  simple  formula  has  been  proposed  by 
Pfliiger  [31]  for  (R/h)  >  200 

(pB/pct)  ■  [i  *  ot  (r/w]-1/2  (2) 

where  Pcfc  is  the  "classical"  critical  axial  load  given  by 

pd  «  [3(1  -  v2)]'1/22irh2E  for  Z  >  2.8S 

This  formula  also  has  the  merit  of  being  unconservative  for  most  existing 
test  data  as  has  been  shown  in  [10],  Therefore  Pg  obtained  by  (2)  is  a  suitable 
standard  for  comparison,  Since  for  the  purpose  of  comparision,  the  use  of 

•  it 

Pfluger's  formula  (2)  is  conservative,  the  obtained  efficiency  is  almost  notice¬ 
ably  smaller  than  the  actual  efficiency  of  the  stiffened  shell. 
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The  general  instability  critical  load  parameter  -  X  is  computed  from 
Eq.  6  of  [4]  and  the  critical  general  instability  load  is  given  by 

3 


cr 


X  [-  jgC-y - ] 


12(1  -  v)R 
If  the  equivalent  thickness  is  given  by 

- » [i  *  4)i 

the  efficiency  -  n  of  the  stiffened  shell  is 


PP 


*7 


cr  . 


pA_ 


eq 


8(3(1  -  v‘)] 


[*S  +  WR/h)jl/2 


(R/h)  (O 


.T2TT 


whei 


As  »  !  ♦  (Aj/bh) 


(3) 


(4) 
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4.  TEST  SET-UP  AND  PROCEDURE 

In  the  present  test  program  shells  with  two  different  radii  were 
examined.  One  type  with  a  large  radius  of  7"  and  the  other  type  with 
a  smaller  radius  of  5".  Therefore  two  different  set-ups  were  used,  as 
shown  in  Figs.  2  and  3. 

For  the  shells  with  the  larger  radius  (7")  the  load  frame  of  [11] 
was  modified  to  accomodate  the  cylindrical  shells.  The  load  is  applied 
by  a  50000  lbs.  hydraulic  jack, controlled  from  an  Amsler  universal 
testing  machine.  The  load  is  transferred  to  a  central  shaft  with  a 
trust  bearing  on  which  the  lower  supporting  disc  fits.  The  upper  support¬ 
ing  disc  is  reacted  against  a  B.L.H.  calibrated  axial  load  cell,  which 
is  introduced  between  the  disc  and  the  upper  part  of  the  frame(different 
load  cells  were  used,  depending  upon  the  predicted  buckling  load;  one  of 
capacity  20000  lbs  and  the  other  of  5CQ00  lbs) .  The  load  cell  records  the 
actual  load  applied  to  the  specimen  and  reacts  against  the  center  of  the 
upper  disc.  The  guide  pin  and  mating  sleeve,  used  in  [11]  to  ensure 
concentricity  of  relative  axial  motion,  were  discarded  here  for  the 
cylindrical  shells,  since  in  the  present  loading  setup  possible  "load 
sharing"  by  guide  pin  (which  would  increase  the  apparent  buckling  load 
of  the  shell)  was  suspected.  The  only  means  for  axial  alignment  and 
preservation  of  concentricity  of  the  discs  is  therefore  the  stiffened  shell 
itself,  which  however  introduces  all  the  axial  alignment  errors  accumulated 
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ir.  the  manufacturing  process  of  the  specimens. 

The  specimens  of  small  radius  (5")  are  mounted  between  the  compressing 
discs  and  then  on  the  moving  table  of  the  "Amsler"  universal  testing 
machine.  The  actual  applied  load  is  here  directly  recorded  by  the  testing 
machine  and  hence  no  load  cell  is  used. 

The  specimens  are  not  clamped  to  the  supporting  discs  (Fig.  4).  They 
are  just  located  on  the  lower  disc,  which  has  a  very  low  central  location 
platform  with  a  clearance  of  about  (2h)  in  its  diameter,  and  the  similar 
top  disc  is  put  or.  top  of  the  specimens.  To  avoid  end  moments  discussed  in 
[21],  [23]  and  [24],  the  stringers  are  cut  away  at  both  ends  of  the  specimen 
(Fig.  4)  and  the  load  is  introduced  into  the  shell  approximately  at  its  mid¬ 
surface.  The  present  test  boundary  conditions  are  therefore  between  the  S.S.3 
and  S.S.4  boundary  conditions  (simply  supported- 

w  *•  «  0 

S.S.3:  v  *  *  0 

S.S.4:  u  «  v  •  0), 

probably  nearer  to  S.S.4  .  The  restraint  to  rotation  is  very  small. 

Strain  gages  were  bonded  to  each  specimen.  Their  number  varied  from  24 
to  48,  depending  upon  the  length  of  the  shell.  Half  of  the  gages  were  directed 
axially  and  the  other  half  circumferentially.  The  axial  ones  served  to  assure 
elastic  behavior  up  to  buckling  and  an  even  distribution  of  the  applied  load. 
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while  the  circumferential  ones  were  used  to  detect  local  bendings.  All  the 
gages  assisted  in  detection  of  incipient  buckling.  An  attempt  was  also  made 
to  obtain  Southwell  plots  from  their  readings  recorded  on  the  B  5  F  multi¬ 
channel  strain  plotter,  as  was  done  in  [10},  [11]  and  [33]  to  [35}  .  The 
circumferential  gages  proved  more  useful  for  this  purpose,  since  they  were 
more  "sensitive"  to  bending  strains,  while  the  axial  gages  exhibited  nearly 
linear  behavit-r  up  to  buckling. 

The  dimensions  of  the  specimens  were  carefully  measured  at  many  hundreds 
of  points  for  each  shell,  prior  to  each  test.  In  these  measurements  the 
emphasis  was  on  the  skin  rather  than  on  the  stiffeners,  because  the  manufactur¬ 
ing  process  of  the  shells  yielded  less  precision  in  the  dimensions  of  the  skin 
than  in  the  stiffeners. 
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5.  TEST  SPECIMENS 

86  integrally  stringer-stiffened  shells  were  investigated  in  the  present 
test  program.  The  geometry  of  the  shells  is  defined  in  Fig.  1  and  the  dimensions 
are  given  in  Table  1.  The  specimens  were  designed  to  ensure  domination  of  general 
instability  and  elastic  buckling. 

The  specimens  were  machined  from  two  different  shells.  The  larger  shells 
(14")  were  made  from  25CD-4F  steel  alloy  drawn  tubes  with  mechanical  properties 
similar  to  AISI  4130.  The  smaller  diameter  specimens  (10")  were  made  from  another 
alloy  steel  in  a  softer  condition.  The  mechanical  properties  were  obtained  from 
measurements  on  many  specimens  cut  from  the  shells.  In  the  case  of  the  14"  dia¬ 
meter  shells,  8  specimens  were  cut  from  the  tubes  before  machining  (4  longitudinally 
and  4  circumferentially)  and  16  from  the  shells  after  failure.  The  average 
measured  properties  are: 

E  =  2.00  x  104 (kg/mm2) (or  29  x  106  psi) 

2  3 

Yield  Stress  o  *  56  (kg/mm  )  or  (78  x  10  psi) 

*0.1% 

In  the  case  of  the  10"  diameter  shells, 12  specimens  were  cut  from  the  shells 
after  failure.  The  average  measured  properties  are: 

E  *  2.00  x  104 (kg/mm2) (or  29  x  106  psi) 

Yield  Stress  o  ■  43  (kg/mm2)  or  (60  X  103  psi) 
yo.l% 

The  machining  process  of  the  specimens  was  divided  ihto  stages.  In  the 
first  stage  the  internal  and  external  surfaces  of  the  tubes  were  roughly 
machined.  Then  the  internal  surface  was  precisely  turned  to  the  dimension  of 
the  "cooled  mandrel",  on  which  it  was  mounted  later  for  machining  of  the 
stiffeners.  The  dimension  of  the  inside  diamter  was  chosen  to  give  a  medium 
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press  fit  between  the  "cooled  mandrel"  and  the  mounted  blank.  The  blank 
was  then  mounted  on  the  special  "cooled  mandrel"  (see  Fig.  5b  of  [10]). 

The  mandrel  was  set  between  the  centers  of  a  lathe  and  the  external  surface 
was  turned  to  the  designed  outside  diameter  of  the  specimen  (the  difference 
between  the  radii  of  the  internal  and  external  surfaces  being  equal  to  the 
height  of  stringer, (h+d)* o.O 10mm.  of  Fig.  1  measured  with  reference  to  the  surface 
of  the  mandrel)*.  Then  the  tube  was  ready  for  milling  of  the  stringers. 

The  mandrel  was  centered  on  a  milling  machine  in  a  manner  which  assured 
that  the  ovality;;  of  the  mandrel  together  with  the  eccentricity  of  the  centers 
did  not  exceed  0.005  mm.  Milling  was  only  started  after  such  precise  centering 
was  achieved.  "Special  Form  Cutters"  with  a  curved  cutting  profile  that  fits 
the  space  between  the  stringers  were  ordered  for  the  milling  process.  Two 
types  of  cutters  were  used,  one  of  5  mm.  width  and  the  other  of  10  mm.  width. 

These  two  spacings  between  stringers  were  one  of  the  manufacturing  parameters  for 
obtaining  different  values  of  0.  One  of  the  centers  on  which  the  mandrel  was 
mounted  was  fitted  into  a  division  head.  Using  different  division  discs, 
different  stringer  distributions  were  obtained  with  the  same  cutters  yielding 
different  0.  Variation  of  stringer  distribution  and  cutters  also  changed  the 
area  parameters  of  the  shell  (Aj/bh) . 

During  machining  it  was  found  that  the  most  precise  and  even  distribution 
of  stiffeners  is  obtained  if  opposite  spaces  were  cut  one  after  another.  Cutting 
of  adjucent  spaces  was  also  tried  and  then  avoided,  since  it  caused  uneven  stringer 
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distribution  as  well  as  variations  in  skin  thickness  of  the  shell.  This  was 
the  result  of  local  "relief"  of  the  blank  from  the  mandrel  due  to  high  local 
stresses  which  influenced  the  fit  between  the  blank  and  mandrel  and  hence 
caused  a  deeper  cut  of  the  cutter.  The  best  results  were  obtained  when  the 
stiffeners  were  cut  in  as  symmetric  a  manner  as  possible. 

The  depth  of  cutting,  or  rather  the  skin  thickness,  was  carefully  controlled 
during  the  cutting  process  by  a  dial  gage  with  a  (1/1000)  ram.  division,  which 
followed  the  cutter  and  measured  the  thickness  relative  to  the  mandrel  surface. 

In  spite  of  this  careful  control,  the  precision  of  skin  thickness  was  not  as 
good  as  expected,  and  thickness  variations  up  to  10%  of  the  smaller  value  were 
obtained.  These  variations  resulted  from  accumulating  errors  of  manufacturing 
such  as  local  "relief"  of  blank  from  mandrel  under  the  cutter  during  the  cut 
and  deformation  of  the  frame  of  the  milling  machine  (which  was  observed  to  be 
of  the  same  magnitude  as  the  allowed  tolerances  of  skin  thickness^  3%  of  nominal) . 

The  aim  of  the  present  test  program  was  to  study  the  effect  of  shell  and 
stiffener  geometry  on  the  "linearity".  Hence,  the  shell  parameters  (R/h),(L/R) 

3 

and  Z  as  well  as  the  stiffener  parameters  (ej/h),  (A^/bh) , (I^/bh  )  and  0 
had  to  be  varied.  Many  shell  configurations  were  calculated  prior  to  manufacturing 
a  specimen, checking  also  the  expected  stress  levels.  To  assure  elastic 
buckling  of  the  specimens, care  was  taken  that  at  buckling,  stresses  should  not 
exceed  half  the  yield  strength  of  the  material. 
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To  study  the  length  effect  on  imperfection  sensitivity  predicted  in  [27] 
and  [28],  short  shells  were  manufactured.  These  shells  were  machined 
simultaneously  with  corresponding  long  shells  from  one  blank.  Hence  the 
imperfection  sensitivity  could  be  studied  by  comparison  of  the  "linearity" 
obtained  for  the  short  shell  with  that  obtained  for  its  "twin"  long  shell 
of  practically  identical  dimensions  and  very  similar  manufacturing  im¬ 
perfections  . 
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6.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  experimental  buckling  loads  are  given  in  Table  2.  These  loads  are 
compared  with  the  general  instability  loads  for  the  S.S.3  boundary  con¬ 
ditions  (also  given  in  Table  2)  to  obtain  the  linearity  p  ■  (P^  /Pcr) • 

The  correlation  with  linear  theory  is  presented  in  Fig.  S  versus  the  area 
parameter  (A^bh),  in  Fig.  6  versus  the  stringer  distribution  parameter 
(b/h)  and  in  Fig.  7  versus  a  linear  combination  of  these  geometrical  para¬ 
meters  [(b/h)/l  ♦(Aj/bh)]. 

In  Fig.  5  considerable  experimental  scatter  can  be  observed  in  the  low 
range  of  (Aj/bh)  <  0.4.  Beyond  this  value  of  the  area  parameter,  however, 
there  is  a  clear  trend  towards  p  *  1.  The  large  scatter  in  the  range 
(A^/bh)  <0.4  may  be  partly  due  to  the  difference  in  the  mechanical  properties 
of  the  material  used  in  the  two  batches  of  specimens.  It  is  apparent  that  the 
small  radius  shells  (R  =  5")  yielded  lower  "linearity"  than  those  with  the 
larger  radius  (R  *  7"),  though  one  would  usually  expect  the  influence  of 
imperfections  to  be  more  pronounced  in  the  shells  with  larger  (R/h)  values 
(the  R  a  7"  specimens).  Hence,  attention  is  drawn  to  differences  in  the 
mechanical  properties  of  the  steel  tubes,  from  which  the  specimens  were  made. 
As  can  be  seen  in  Fig.  8  the  stress  strain  curves  of  the  two  steels  differ 
noticeably.  3oth  materials  have  no  well  defined  yield  point,  but  the 
proportionality  limit  of  the  19"  diameter  tubes  is  much  lower  than  that  of  the 
14"  diameter  ones  and  the  nonlinearity  of  the  curve  of  the  smaller  diameter 
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tubes  is  more  pronounced.  If  one  represents  the  two  stress-strain  curves 
by  the  Ramberg-Osgood  three  parameters  representation  [36] 

e  *  (o/E)  ♦  K(o/E)n 

and  computes  the  material  constants  K  and  n  from  the  curves  the  different 
material  behavior  is  typified  by  the  exponent  n  and  the  constant  K.  For  the 
10"  diameter  tubes  n  «  4.30  and  K  *  3.46  x  10®  whereas  for  the  14"  diameter 
n  «  5.80  and  K  *  5.52  x  10".  As  was  pointed  out  recently  by  Nesenberg  and 
Mayers  [37],  considerable  reduction  in  load  carrying  capability  due  to  inelastic 
behavior  may  occur  in  shells  made  of  materials  with  a  low  exponent  n.  Hence  the 
inelastic  effects  are  likely  to  be  significantly  larger  in  the  10"  diameter  shells 
than  in  the  14"  diameter  ones.  Furthermore,  since  a  meaningful  correlation  with  a 
purely  elastic  theory  requires  failure  in  the  proportional  range, the  low  prcprtional 
limit  of  the  small  diameter  shalls  (R  *  5")  disqualifies  many  of  them  (having 
buckling  stresses  close  to  the  proportional  limit)  for  the  comparison  with  linear 
classical  elastic  instability  theory  attested  here.  Correlation  with  a  maximum 
strength  analysis  that  includes  the  inelastic  effects,  such  as  [37],  should  be  more 
fruitful  and  is  planned.  It  may  be  noted  that  when  only  the  results  f->r  the  larger 
diameter  shells  (R  »  7")  are  represented,  Fig.  9,  the  scatter  is  smaller  and  the 
trend  of  p  with  (Aj/bh)  is  noticeably  clearer. 

In  Fig.  5  the  results  were  also  compared  with  those  obtained  by  other 
investigators,  [12]  to  [15],  [17]  and  [191.  It  appears  that  the  present  results 
have  a  slightly  higher  p  and  similar  scatter,  except  when  compared  with  the  results 
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of  [19],  These  results,  [19],  however,  should  have  been  correlated  with 
damped  boundary  conditions  rather  than  to  simply  supported  ones. 

No  clear  effect  of  the  parameters  studied  on  the" linearity"  can  be 
deduced  from  Fig.  6  and  Fig.  7.  However,  if  the  small  size  specimens, 

R  *  S",  are  ignored,  some  trend  of  p  with  increase  of  the  combined  parameters 
[(b/h)/l  ♦  [Aj/bh)]  can  be  discerned. 

In  Fig.  10  the  structural  efficiency  n  computed  with  Eq.  (4)  is  given  for 
the  test  specimens.  Except  for  two  specimens  the  stiffened  shells  were  more 
efficient  than  "equivalent  weight"  isotropic  shells  (and  also  the  two  exceptions 
had  efficiencies  very  close  to  1) .  If  one  remembers  that  these  results  are 
obtained  by  a  criterion  that  favors  isotropic  shells,  since  Eq.  (2)  of  [31] 
represents  an  upper  bound  of  failure  for  unstiffened  shells,  one  can  conclude 
that  in  the  range  of  stiffeners  of  the  present  study  there  is  no  doubt  about 
the  superiority  of  stiffened  shells. 

In  Fig.  11  the  "linearity"  p  of  all  the  speciments  is  plotted  versus 
the  Batdorf  parameter  Z  in  order  to  investigate  the  range  of  prominent 
imperfection  sensitivity  discussed  in  [27]  and  [28].  Fig.  11  does  not  show  a 
clear  Z  dependence  of  the  imperfection  sen  itivity  as  predicted.  Another 
attempt  to  verify  the  prediction  of  [27]  is  shown  in  Fig.  12.  Here  shells  of 
different  length  but  with  similar  manufacturing  imperfections  (specimens  cut 
into  various  lengths  from  a  longer  specimen  as  discussed  in  Section  5)  are 
presented  as  identified  groups  and  are  with  the  Z  dependence  of  imperfection 
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sensitivity  reproduced  from  Fig.  3*  of  [27],  The  predicted  localized 
increase  in  imperfection  sensitivity  is  not  borne  out  by  the  test  results. 

Figure  13  is  a  plot  of  the  circumferential  and  longitudinal  variation 
in  skin  thickness  and  stiffener  height,  measured  at  many  stations,  for  a 
typical  specimen.  The  theoretical  loads  of  Table  2  were  calculated  for  the 
mean  values  of  skin  thickness  and  stringer  height.  The  calculations  also 
predict  &  number  of  circumferential  waves  (t)  at  the  critical  load.  If  the 
shell  is  divided  circumferentially  into  2t  panels  it  can  be  seen  that  there 
exist  fcur  panels,  located  symmetrically  along  the  circumference,  which  have 
mean  values  of  skin  thickness  and  stringer  height  which  are  considerably 
smaller  than  the  mean  values  for  the  whole  shell.  This  type  of  thickness 
variation  was  observed  for  all  the  specimens  and  hence  can  be  attributed 
to  a  systematic  error  in  the  manufacturing  process  (See  Section  5).  In  an 
attempt  to  reduce  the  scatter  of  the  results,  it  was  then  tentatively  assumed 
that  the  shells  might  fail  at  critical  loads  corresponding  to  the  weakest 
panels  rather  than  at  loads  corresponding  to  the  mean  measured  values  of  the 
whole  shell.  The  critical  loads  were  then  computed  for  these  panels  and 
correlated  with  the  experimental  loads.  These  results  were  also  compared  with 
the  results  based  on  the  mean  values  for  20  random  shells  from  the  whole 
population  of  86  tested  specimens  but  no  significant  reduction  in  scatter  of 
the  results  was  achieved.  A  further  similar  study  that  will  include  all  the 
tested  shells  is  in  progress. 
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A  typical  circumferential  distribution  of  the  axial  applied  load  for  various 
stages  of  loading  is  given  in  Fig.  14  for  a  long  specimen,  shell  41-L,  The  same 
gages  that  yield  this  distribution  are  used  in  the  initial  alignment  of  the  shells. 
In  spite  of  great  care  taken  to  align  the  shell  slight  load  asymmetry  is  apparent 
and  the  maximum  load  non-uniformity  is  about  *  10%.  It  should  be  noted  however 

that  some  of  this  non-uniformity  may  be  attributed  to  local  thickness  variations. 

A  typical  application  of  the  modified  Southwell  method  [33]  is  shown  in  Fig. 

IS.  There  the  critical  loads  were  found  by  the  "slope  method"  of  [33].  The  loads 
obtained  by  this  method  for  all  the  specimens  to  which  it  could  be  adopted  are 
given  in  Table  2  as  Pgout.jj  •  The  critical  loads  obtained  by  this  method  were  in 
most  cases  below  the  theoretical  ones  and  in  many  shells  very  close  to  the 
experimental  loads.  The  values  of  PSouth  given  in  Table  2  are  all  based  on  the 
circumferential  strain  .  Similar  critical  loads  were  also  computed  for  the 

longitudinal  strain  •  ex  whenever  possible.  The  axial  strains  are  much  less 
amenable  to  the  Southwell  plot  and  usually  yielded  higher  values  of  P south  * 

Therefore  the  critical  values  based  on  e :  are  not  presented  in  the  table. 

The  possibility  of  actual  buckling  load  prediction  with  this  method  based  on 
data  fr^m  the  early  loadin'  stages  only  was  studied.  However,  since  data  from 
loading  stages  near  the  buckling  load  appears  essential  for  meaningful  calculations 
and  since  Pgoutjj  varies  between  the  experimental ly  found  buckling  loads  and  those 
predicted  for  perfect  shells,  the  method  in  its  present  form  does  not  qualify  as  a 
promising  nondestructive  test  method. 
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In  Figs.  15  to  20  some  typical  post-buckling  patterns  are  shown  for  shells 
of  various  lengths.  In  the  case  of  short  shells  either  diamond  shape  patterns 
(shells  22-S  and  40-S)  or  axisymmetric  patterns  (shells  19-S  and  36-S)were 
obtained.  For  short  shells  of  the  same  Z  the  preferred  post-buckling  pattern 
should  depend  primarily  on  (R/h)  and  on  the  stringer  geometry,  but  no  direct 
correlation  could  be  discerned.  For  example  ior  the"twin"  shells  36-S  and  36-SI 
one  yielded  an  axisymmetrical  post  buckling  pattern  and  one  a  one-tier  diamond 
pattern.  Medium  length  shells  (shells  35 -Ml  and  36-L)  buckled  into  diamond  shape 
patterns  with  one  tier  and  the  long  ones  (shells  SZ-3,  17-L  and  40M)  buckled  into 
a  diamond  pattern  with  two  tiers  like  shell  S7-3  or  into  rectangular  shape  patterns 
with  two  tiers  like  shells  17l  and  40M. 

In  Table  2  the  calculated  critical  stresses  are  also  given.  For  some  of 
the  shells  these  stresses  were  high  compared  to  yield  stress  (o  ..)  of  the 
material.  Actually  those  shells  were  designed  to  yield  lower  stresses,  but 
because  of  manufacturing  errors  the  dimensions  of  the  skin  thickness  had  to  be 
.'educed  to  obtain  a  more  even  thickness  distribution.  In  Table  2  it  can  be  seen 
that  high  stresses  were  not  obtained  experimentally  because  failure  occurred 
earlier.  Relatively  higher  stresses  were  obtained  for  the  smaller  diameter  shells 
(R  «  5")  and  the  highest  stress  achieved, exceeded  70%  of  yield  for  shell  38-S. 

The  actual  strain  gage  readings  (taking  up  to  onset  of  buckling)  did  not  indicate 
yielding  at  any  of  the  gages  at  any  of  the  shell  tested. 
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The  effect  of  stiffening  due  to  narrowness  of  the  panel,  Eq.  (1),  discussed 
in  Section  2  above  was  calculated  for  each  specimen  and  given  in  Table  2.  For  some 
shells  this  effect  is  weaker  than  stiffening  of  the  shell  (these  cases  are  under¬ 
lined)  and  therefore  one  could  conclude  that  local  buckling  of  the  shell  between 
stiffeners  should  have  occurred.  No  local  buckling  was,  however,  observed  in 
any  of  the  tests  and  the  "linearity"  obtained  for  these  apparently  "locally 
weak"  shells  does  not  deviate  from  the  scatter  band  of  the  other  shells.  The 
rotational  restraint  provided  by  the  stringers  to  the  panels,  which  is  not  taken 
into  account  in  the  simplified  analysis  of  Eq.  (1) ,  partially  explains  the 
absence  of  local  buckling. 
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FIG.  2  TEST  SET  UP  FOR  SPECIMENS  OF  LARGE  DIAMETER  (14") 


PIG.  3  test  set  up  for  specimens  op  SMALL  DIAMETER  (10") 
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FIG.4  DETAILS  OF  SPECIMEN  SUPPORTS  AND  END  CONDITIONS 
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FIG.9  "liNEARITV^S  A  FUNCTION  OF  STRINGER-AREA  PARAMETER  (A, /bh)  FOR  SHELLS  WITH  LARGE  'METER  (U“ 
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FIG.  10  STUCTURAL  EFFICIENCY  OF  STRINGER  - ST.FFENED  SHELLS 
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FIG.  14  TYPICAL  CIRCUMFERENTIAL  DISTRIBUTION  OF  AXIAL  STRAIN  — 
INDICATING  CIRCUMFERENTIAL  LO/.D  DISTRIBUTION  (SHELL  41-L) 
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An  experimental  study  of  the  buckling  of  closely  spaced  integrally  stringer- 

stiffened  cylindrical  shells  under  axial  compression  was  carried  out  to  determine 
the  influence  of  stiffener  and  shell  geometry  on  the  applicability  of  linear  theory! 

86  shells  of  different  geometries  were  tested.  Agreement  between  linear  theory  addj 
experiments  was  found  to  be  governed  primarily  by  the  stringer  area  parameter 
(Aj/bh).  Good  correlation  was  obtained  in  the  range  (Aj/bh)  >  0.4.  No  significant! 
effect  of  other  stiffener  and  shell  parameters  on  the  applicability  of  linear  theorj 
could  be  discerned  for  the  specimens  tested.  In  addition  to  the  area  parameter 
(Aj/bhJ,  the  inelastic  behavior  of  the  shell  material  was  found  to  have  a  considerable 
effect  on  the  "linearity" (ratio  of  experimental  buckling  load  to  the  predicted  one) 

By  a  conservative  structural  efficiency  criterion  all  the  tested  stringer  stiffened 
shellswere  found  to  be  more  efficient  than  equivalent  weight  isotropic  shells, 

A  modified  "Southwell  Slope"  method  was  applied  to  the  test  data  but  did  not  yield 
reliable  results. 
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